INTRODUCTION {#S1}
============

Patients with type 2 diabetes (T2D) have decreased mitochondrial number and respiratory activity, and mitochondrial dysfunction is implicated in the development of T2D ([@R6], [@R7]; [@R35]; [@R37]; [@R38]). As the primary organelles responsible for nutrient metabolism and oxidative phosphorylation, mitochondria continually undertake fusion and fission processes for maintenance of a healthy mitochondrial population and regulation of bioenergetic efficiency and energy expenditure ([@R31]; [@R53]). Abnormal mitochondrial life cycle, such as inhibition of mitochondrial fission, leads to decreased mitochondrial respiration and functions ([@R46]; [@R52]). This line of evidence suggests that mitochondrial fission is associated with increased mitochondrial respiratory capacity and nutrient oxidation.

Metformin is now the most widely prescribed oral anti-diabetic agent worldwide, taken by over 150 million people annually ([@R17]). Metformin improves hyperglycemia in T2D mainly through suppression of liver glucose production and alleviation of insulin resistance ([@R21]; [@R43]). However, its mechanism of action remains only partially understood and controversial. In particular, whether metformin functions through the inhibition of mitochondrial respiratory chain activity or the activation of 5′ AMP-activated protein kinase (AMPK). Metformin was reported to activate AMPK ([@R16]; [@R55]). AMPK is a heterotrimeric complex consisting of an α catalytic subunit, scaffold protein β subunit, and regulatory γ non-catalytic subunit ([@R15]). Metformin activates AMPK by increasing the phosphorylation of the catalytic α subunit at T172 ([@R16]; [@R55]), and metformin fails to improve hyperglycemia in mice with liver-specific knockout of LKB1, the upstream kinase for AMPKα subunit phosphorylation at T172 ([@R41]). We reported that metformin activates AMPK by promoting the formation of the functional AMPKαβγ heterotrimeric complex and phosphorylation of the CREB-binding protein ([@R19], [@R20]; [@R33]). Metformin can inhibit mitochondrial glycerol 3-phosphate dehydrogenase, leading to the suppression of gluconeogenesis by preventing the use of lactate ([@R32]). This metformin effect could be involved in the AMPK because mitochondrial glycerol 3-phosphate dehydrogenase is negatively regulated by AMPK ([@R28]). Mice with mutations of AMPK-targeted phosphorylation sites in acetyl-coenzyme A (CoA) carboxylase 1 and 2 exhibited insulin resistance ([@R13]). These studies support a mechanism for metformin action through activation of the LKB1-AMPK pathway.

It has also been proposed that the principal mechanism of metformin action is through an AMPK-independent pathway ([@R12]; [@R34]). Previous reports have shown that metformin can reduce cellular oxygen consumption by inhibiting mitochondrial complex 1 activity ([@R10]; [@R36]), and yet, inhibition of cellular respiration requires high concentrations of metformin (\~5 mM) ([@R10]; [@R36]). Of note, to achieve the high metformin concentrations in mitochondria, digitonin-permeabilized hepatocytes were used in these studies ([@R10]; [@R36]). These supra-metformin concentrations have been used to prevent tumor growth ([@R29]). Defects in mitochondrial respiratory chain activity were reported to contribute to the development of insulin resistance and hyperglycemia in T2D ([@R23]; [@R35]; [@R37]; [@R38]). If metformin indeed functions by inhibiting mitochondrial complex 1 activity, this should further aggravate insulin resistance and hyperglycemia in diabetic patients, against metformin's therapeutic effects in T2D. In addition, human studies showed that metformin is able to activate mitochondrial respiratory chain activity ([@R26]; [@R47]). These paradoxical effects of metformin published in the literature promote us to investigate whether clinically relevant doses and pharmacological concentrations of metformin could affect mitochondrial respiratory chain activity in the liver and primary hepatocytes and the involvement of AMPK.

RESULTS {#S2}
=======

Supra-pharmacological Metformin Concentrations Result in Reduction of Adenine Nucleotides and Mitochondrial Respiration {#S3}
-----------------------------------------------------------------------------------------------------------------------

In agreement with previous studies that supra-pharmacological concentrations of metformin can reduce the oxygen consumption rate ([@R10]; [@R36]), we found that supra-pharmacological metformin concentrations (500 and 1,000 μM) significantly decreased basal respiration, ATP-linked respiration, maximal respiration capacity, and non-mitochondrial respiration in primary hepatocytes treated with serial concentrations of metformin ([Figures 1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}). Treatment with supra-pharmacological metformin concentrations drastically reduced cellular AMP, ADP, and ATP levels ([Figures 1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}) and elevated AMP/ATP ratios ([Figure 1E](#F1){ref-type="fig"}). Having seen the drastic reduction of total adenine nucleotides in primary hepatocytes treated with supra-pharmacological metformin concentrations, we determined the mRNA levels of genes related to the metabolism of adenine nucleotides. Treatment with 1,000 μM of metformin reduced *adenylosuccinate synthetase* (*AdSS*) and *adenylosuccinate lyase* (*AdSL*) mRNA levels by \~60% without a significant change in the genes correlated to the conversion and salvation of adenine nucleotides ([Figure 1F](#F1){ref-type="fig"}), suggesting that supra-pharmacological concentrations of metformin decrease adenine nucleotides mainly through the suppression of adenine synthesis. Treatment with 1,000 μM of metformin led to a mild reduction in the mRNA levels of *5′-nucleotidase* (*Nt5e*) and *adenosine deaminase* (*Ada*) genes that related to the degradation of adenine nucleotides, which may be due to a compensatory response to the drastic decrease in adenine nucleotides.

A previous report showed treatment with supra-pharmacological metformin concentrations (1,000 μM) did not reduce the mitochondrial membrane potential ([@R48]), and we found that treatment with supra-pharmacological metformin concentrations (500 and 1,000 μM) did not reduce the mitochondrial membrane potential in primary hepatocytes ([Figure 1G](#F1){ref-type="fig"}). On the contrary, treatment with 1,000 μM of metformin significantly increased the mitochondrial membrane potential in Hepa 1--6 (hepatocyte-derived), C2C12 (muscle-derived), and Hek293 (kidney-derived) ([Figure 1H](#F1){ref-type="fig"}). Supra-pharmacological metformin concentrations drastically reduced ADP levels ([Figure 1C](#F1){ref-type="fig"}), and inhibition of ATP synthesis by oligomycin reduced ATP levels but increased mitochondrial membrane potential ([@R27]). As such, we tested whether the reduction of oxygen consumption by a supra-pharmacological metformin concentration is due to insufficient levels of cellular ADP, which would lead to an inability to utilize the mitochondrial membrane potential to generate ATP. To test this notion, two concentrations (0.5 and 2.5 mM) of ADP were supplemented in the assay buffer during the determination of oxygen consumption rate. The addition of ADP had no effect on oxygen consumption rate in primary hepatocytes without metformin treatment ([Figure 1I](#F1){ref-type="fig"}). In contrast, the addition of ADP significantly increased the oxygen consumption rate in primary hepatocytes treated with 1,000 μM of metformin ([Figure 1J](#F1){ref-type="fig"}); the addition of 2.5-mM ADP fully restored basal and ATP-linked respiration and augmented maximal respiration capacity and non-mitochondrial respiration (compared [Figures 1J](#F1){ref-type="fig"}--[1I](#F1){ref-type="fig"}). These results suggest that the decreased ADP level is a limiting factor for the reduction of oxygen consumption rate by supra-pharmacological metformin concentrations.

Determination of Metformin Concentration in Mitochondria of Hepatocytes {#S4}
-----------------------------------------------------------------------

It has been proposed that supra-pharmacological metformin concentrations can reduce cellular oxygen consumption by inhibiting mitochondrial complex 1 activity ([@R10]; [@R36]); however, the half inhibitory concentration (IC~50~) for mitochondrial complex 1 was found to be around 19--66 mM ([@R2]; [@R9]). Of note, metformin concentrations found in the portal vein following a therapeutic dose are around 40--80 μM ([@R49]), and after the oral administration of ^14^C-metformin, over 80% of metformin in the liver accumulates in the cytosolic fractions, whereas only small portions of metformin are found in mitochondria ([@R50]). To date, the actual metformin concentrations in mitochondria remain undetermined. We, therefore, developed a method to determine metformin concentrations in intact mitochondria isolated from Hepa1--6 cells treated with ^14^C-metformin and unlabeled metformin, as we had observed biphasic effects of metformin on mitochondrial respiration not only in primary hepatocytes ([Figures 1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}) but also in Hepa1--6 cells ([Figures 2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}). As shown in [Figure 2C](#F2){ref-type="fig"}, in Hepa1--6 cells treated with a pharmacological concentration (75 μM) of metformin ([@R49]), metformin concentrations in the large organelles/debris, mitochondria, and cytosolic fractions are around 4.2,4.6, and 38.2 μM, respectively ([Figure 2C](#F2){ref-type="fig"}). About 88% of metformin accumulates in the cytosolic fraction. Unexpectedly, metformin concentrations in the mitochondria of Hepa1--6 cells treated with a supra-pharmacological concentration (1,000 μM) of metformin are around 64.5 μM ([Figure 2D](#F2){ref-type="fig"}), far below the IC~50~ (19--66 mM) for mitochondrial complex 1, whereas metformin concentrations in large organelles/debris and cytosolic fractions are around 37.0 and 996.0 μM, respectively. Additionally, \~90% of metformin accumulates in the cytosolic fractions. To test whether metformin could directly affect mitochondrial complex's activity, we conducted *in vitro* assays and assessed metformin's effect on the complex's activity by using purified mitochondrial complexes. Our results showed that metformin (\~1,000 μM) did not directly affect the enzymatic activity of mitochondrial complexes I--V ([Figure 2E](#F2){ref-type="fig"}). The above data suggest that the inhibition of the mitochondrial complexes' activity by supra-pharmacological metformin concentrations is unlikely to be the mechanism responsible for the reduction of oxygen consumption.

Pharmacological Metformin Concentrations Augment Mitochondrial Respiration in Hepatocytes {#S5}
-----------------------------------------------------------------------------------------

We found that treatment with pharmacological metformin concentrations (75 μM) ([@R49]) for 22 h significantly suppressed glucose production in primary hepatocytes ([Figure 3A](#F3){ref-type="fig"}) ([@R3]). This pharmacological metformin concentration (75 μM) significantly increased ATP levels ([Figure 3B](#F3){ref-type="fig"}), mitochondrial membrane potential ([Figure 3C](#F3){ref-type="fig"}), and basal oxygen consumption rate and ATP-linked respiration in primary hepatocytes when pyruvate was used as substrates ([Figures 3D](#F3){ref-type="fig"} and [3E](#F3){ref-type="fig"}). Treatment with 75 μM of metformin for 3 or 6 h also significantly increased basal oxygen consumption rate and ATP-linked respiration ([Figures S1C](#SD1){ref-type="supplementary-material"} and [S1D](#SD1){ref-type="supplementary-material"}) without a reduction in mitochondrial membrane potential ([Figure S1E](#SD1){ref-type="supplementary-material"}). Furthermore, treatment with 75 μM of metformin significantly increased basal respiration, ATP-linked respiration, maximal respiration capacity, and non-mitochondrial respiration in primary hepatocytes when palmitate and BSA were used as mitochondrial substrates ([Figures 3F](#F3){ref-type="fig"} and [3G](#F3){ref-type="fig"}). These data indicate that pharmacological metformin concentration increases mitochondrial respiration in hepatocytes.

Metformin Augments Total Mitochondrial Complex 1 Activity in the Liver of HFD-Fed Mice {#S6}
--------------------------------------------------------------------------------------

The maximum approved daily dose of metformin for treatment of patients with T2D is 2.55 g (36 mg/kg body weight), and human studies showed that metformin is able to activate mitochondrial respiratory chain activity ([@R26]; [@R47]). To determine whether metformin at clinically relevant doses can influence blood glucose levels and liver mitochondrial activity in HFD-fed mice, we conducted a series of studies in which different doses of metformin (0, 6.25, 12.5, 25, and 50 mg/kg/day) were given to mice by drinking water after being fed an HFD for 4 weeks. Mice treated with 25 and 50 mg/kg/day of metformin exhibited significantly less gain in body weight and reduced food consumption ([Figures 4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}). These data are consistent with the clinical observations of body weight loss and reduction of food intake in metformin-treated patients with T2D ([@R1]; [@R24]).

Treatment with 50 mg/kg/day of metformin significantly decreased glucose production in the liver in a pyruvate challenge experiment ([Figure 4C](#F4){ref-type="fig"}) and improved fasting blood glucose levels ([Figure 4D](#F4){ref-type="fig"}) along with decreased serum levels of insulin and leptin ([Figures 4E](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}). Treatment with 50 mg/kg/day of metformin significantly increased serum gastric inhibitory polypeptide (GIP) levels ([Figure 4G](#F4){ref-type="fig"}). These data support the notion that metformin treatment has an effect on the improvement of insulin sensitivity. Consistent with previous findings in diabetic patients ([@R8]), treatment with 50 mg/kg/day of metformin significantly increased serum ghrelin levels ([Figure 4H](#F4){ref-type="fig"}). Because serum ghrelin levels decreased with insulin resistance ([@R42]), the increase in serum ghrelin is another piece of evidence supporting the improvement of insulin sensitivity by metformin.

It has been proposed that inhibition of mitochondrial complex 1 activity is the principal mechanism of metformin's therapeutic benefits ([@R12]). We, therefore, determined total mitochondrial complex 1 activity in the liver in our mice treated with metformin. We found that metformin treatment did not inhibit liver mitochondrial complex 1 activity; rather, treatment with 50 mg/kg/day of metformin significantly increased liver mitochondrial complex 1 activity ([Figure 4J](#F4){ref-type="fig"}). In addition, metformin treatment significantly increased mitochondrial density and mitochondrial DNA levels in the liver of HFD-fed mice ([Figures 4K](#F4){ref-type="fig"}, [4L](#F4){ref-type="fig"}, and [S2D](#SD1){ref-type="supplementary-material"}). We found that plasma metformin concentrations are around 18.4 ± 2.6 μM in HFD-fed mice treated with a dose of metformin (50 mg/kg/day).

Metformin Promotes Mitochondrial Fission in Hepatocytes {#S7}
-------------------------------------------------------

Because metformin treatment increased mitochondrial number in the liver of HFD-fed mice ([Figures 4K](#F4){ref-type="fig"} and [4L](#F4){ref-type="fig"}), we determined the mRNA levels of genes related to mitochondrial respiratory chain activity and biogenesis. Metformin treatment (50 mg/kg/day) had a very mild effect on the mRNA levels of genes related to mitochondrial respiratory chain activity ([Table S1](#SD1){ref-type="supplementary-material"}) and did not significantly affect the mRNA levels of *Pgc-1α, Nrf1/2,* and *mtTfa* ([Figure S3A](#SD1){ref-type="supplementary-material"}) or the phosphorylation levels of Creb and p38MAPK ([Figure 5A](#F5){ref-type="fig"}), suggesting that metformin augmentation of liver mitochondria is not through the PGC-1α-driven mitochondrial biogenesis pathway.

In order to maintain the mitochondrial population and function, both fusion and fission play critical roles and occur in a repeating and sequential cycle ([@R31]; [@R53]). In agreement with a previous report ([@R14]), we found that HFD feeding significantly elevated the protein levels of hepatic Opa1 that is important for mitochondrial fusion and decreased Mff phosphorylation ([Figure S3B](#SD1){ref-type="supplementary-material"}). This would favor mitochondrial fusion. Metformin treatment significantly increased the phosphorylation of AMPKα at T172 ([Figures 5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}). Because activated AMPK directly phosphorylates Mff at S155/172, resulting in mitochondrial fission through Drp1 recruitment to mitochondria ([@R45]), we found that metformin treatment significantly increased Mff phosphorylation at both S155/172 and the association of Mff with Drp1 ([Figures 5A](#F5){ref-type="fig"}--[5C](#F5){ref-type="fig"}).

In addition, in primary hepatocytes, metformin increased the phosphorylation of AMPKα and Mff ([Figures S3C](#SD1){ref-type="supplementary-material"} and [S3D](#SD1){ref-type="supplementary-material"}). Interestingly, metformin treatment led to decreased levels of long-form Opa1 in the liver ([Figure 5A](#F5){ref-type="fig"}). These data suggest that metformin treatment may promote mitochondrial fission to maintain adequate mitochondrial density/numbers. To validate the effects of metformin on mitochondrial fission, we then determined the mitochondrial density in metformin-treated primary hepatocytes by staining with MitoTracker and found that treatment with 75 μM of metformin significantly increased shortened mitochondria and augmented fluorescence intensity by 33% ([Figures 5D](#F5){ref-type="fig"}--[5F](#F5){ref-type="fig"}). Because mitochondrial fission (fragmentation) is associated with increased mitochondrial respiration and nutrient oxidation ([@R22]; [@R31]; [@R46]), metformin that stimulates mitochondrial fission would increase mitochondrial respiration, as shown in primary hepatocytes treated with pharmacological metformin concentrations (50 and 75 μM) ([Figures 1A](#F1){ref-type="fig"}, [1B](#F1){ref-type="fig"}, and [3D](#F3){ref-type="fig"}--[3G](#F3){ref-type="fig"}).

Metformin Augmentation of Mitochondrial Respiratory Activity Is AMPK Dependent {#S8}
------------------------------------------------------------------------------

Considering the importance of AMPK in promoting fission ([@R45]), we examined mitochondrial density in primary hepatocytes prepared from floxed AMPKα1/2 mice and liver-specific AMPK α1/2 knockout mice ([Figure S5A](#SD1){ref-type="supplementary-material"}). The loss of AMPK α1/2 subunits led to a reduction of 20% in mitochondrial density ([Figures 5G](#F5){ref-type="fig"} and [5H](#F5){ref-type="fig"}) and significantly decreased mitochondrial membrane potential ([Figures 5I](#F5){ref-type="fig"} and [5J](#F5){ref-type="fig"}) and basal respiration, ATP-linked respiration, maximal respiration capacity, and non-mitochondrial respiration ([Figures 5K](#F5){ref-type="fig"} and [5L](#F5){ref-type="fig"}), indicating compromised mitochondrial respiration. Moreover, the loss of AMPK α1/2 subunits abolished the metformin-stimulated increase in mitochondrial density ([Figures 6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}). Because the pharmacological concentration (75 μM) of metformin increased mitochondrial respiration and membrane potential in primary hepatocytes ([Figures 3C](#F3){ref-type="fig"}--[3G](#F3){ref-type="fig"}), we tested further whether AMPK has a role in metformin-mediated activation of mitochondrial respiration in primary hepatocytes prepared from liver-specific AMPKα1/2 knockout mice. We found that treatment with 75 μM of metformin did not increase mitochondrial membrane potential ([Figure 6C](#F6){ref-type="fig"}) and respiration ([Figures 6D](#F6){ref-type="fig"} and [6E](#F6){ref-type="fig"}) in the absence of AMPKα1/2 subunits. These data suggest that augmentation of mitochondrial density and respiration activity by pharmacological metformin concentration is AMPK dependent.

To substantiate the role of mitochondrial fission in regulating mitochondrial respiration, we determined the effects of blocking mitochondrial fission by the depletion of Drp1, the dynamin-related GTPase for mitochondrial fission on mitochondrial respiration. Primary hepatocytes prepared from liver-specific Drp1 knockout mice ([Figure S4A](#SD1){ref-type="supplementary-material"}) ([@R52]) had significantly decreased mitochondrial respiration ([Figures 6F](#F6){ref-type="fig"} and [S4B](#SD1){ref-type="supplementary-material"}), along with increased fat accumulation ([Figure 6G](#F6){ref-type="fig"}). Importantly, the pharmacological metformin concentration (75 μM) augmented ATP levels, and mitochondrial membrane potential and fission were lost in the absence of Drp1 ([Figures 6H](#F6){ref-type="fig"}, [6I](#F6){ref-type="fig"}, and [S4C](#SD1){ref-type="supplementary-material"}). These data further support that metformin activates mitochondrial respiration through the promotion of mitochondrial fission.

HFD-Fed Mice with Congenital Knockout of Liver AMPKα1/2 Are Resistant to Metformin {#S9}
----------------------------------------------------------------------------------

To test the importance of liver AMPK in metformin-mediated improvement of hyperglycemia and insulin sensitivity in HFD-fed mice, we generated congenital liver-specific AMPKα1/2 knockout (cL-α1/2 KO) mice by breeding the homozygous floxed AMPKα1/2 mice with Alb-Cre^Tg/O^ mice ([Figure S5A](#SD1){ref-type="supplementary-material"}). Congenital combined knockout of liver AMPKα1/2 mice produced litters with the expected Mendelian pattern and did not change liver morphology ([Figure S5B](#SD1){ref-type="supplementary-material"}). We found that cL-α1/2 KO mice exhibited insulin resistance and had increased *Pck1* mRNA levels in the liver ([Figures S5E](#SD1){ref-type="supplementary-material"} and [S5F](#SD1){ref-type="supplementary-material"}).

Next, we examined AMPK's role in the improvement of hyperglycemia by metformin. Floxed AMPKα1/2 mice and cL-α1/2 knockout (KO) mice were fed an HFD for 4 weeks to induce insulin resistance ([@R4]), and then, both groups of mice were given 50 mg/kg/day metformin through drinking water for 12 weeks. Floxed AMPKα1/2 mice and cL-α1/2 KO mice consumed similar amounts of food during 12 weeks of metformin treatment ([Figure S5G](#SD1){ref-type="supplementary-material"}), but after metformin treatment, male cL-α1/2 KO mice had significantly higher body weight than floxed AMPKα1/2 mice ([Figure S5H](#SD1){ref-type="supplementary-material"}). Furthermore, both male and female cL-α1/2 KO mice had significantly higher fasting blood glucose levels than floxed AMPKα1/2 mice ([Figure 7A](#F7){ref-type="fig"}), and male cL-α1/2 KO mice had significantly higher blood glucose levels in a pyruvate challenge experiment ([Figure 7B](#F7){ref-type="fig"}), exhibited insulin resistance ([Figure 7C](#F7){ref-type="fig"}), and had significantly higher mRNA levels of *G6pc* and *Pck1* in the liver ([Figure S5K](#SD1){ref-type="supplementary-material"}). These results support that liver AMPKα1/2 play a critical role in metformin's control of glucose metabolism.

To further explore the roles of AMPKα1/2 in glucose metabolism in the liver, we used adeno-associated virus (AAV)-thryoxin-binding globulin (TBG)-Cre to specifically KO AMPK α1/2 in the liver of floxed AMPK α1/2 mice after they reached adulthood ([Figure 7D](#F7){ref-type="fig"}) ([@R4]). After treatment with metformin, HFD-fed adult mice with KO of liver AMPKα1/2 exhibited significantly higher blood glucose levels in a pyruvate challenge experiment ([Figure 7E](#F7){ref-type="fig"}) and had significantly higher liver mRNA levels of *G6pc* and *Pck1* ([Figure 7F](#F7){ref-type="fig"}). Principal-component analysis (PCA) demonstrated that KO of liver AMPKα1/2 markedly changed liver transcriptomic profile ([Figures 7G](#F7){ref-type="fig"} and [7H](#F7){ref-type="fig"}). KO of liver AMPKα1/2 in adult mice did not significantly affect food intake, body weight, oxygen consumption, CO~2~ production, or heat production ([Figures S6D](#SD1){ref-type="supplementary-material"}--[S6K](#SD1){ref-type="supplementary-material"}). To ascertain that AMPK α1/2 are critical for metformin suppression of glucose production in hepatocytes, we prepared primary hepatocytes from HFD-fed adult mice with or without KO of liver AMPKα1/2 and treated with metformin (50 mg/kg/day) for 3 weeks. We found that primary hepatocytes isolated from liver-specific AMPKα1/2 KO mice produced significantly more glucose and had significantly higher mRNA levels of *G6pc* and *Pck1* than primary hepatocytes isolated from floxed control mice ([Figures 7I](#F7){ref-type="fig"}--[7K](#F7){ref-type="fig"} and [S6L](#SD1){ref-type="supplementary-material"}).

AMPKα1 Is the Principal Catalytic Subunit for Metformin Action {#S10}
--------------------------------------------------------------

To accurately define the role of each AMPKα subunit in metformin action without compensation between AMPKα subunits, we individually re-expressed an exogenous FLAG-tagged AMPKα1 or α2 subunit in the liver of HFD-fed mice with liver-specific KO of AMPKα1/2. However, the loss of AMPKα1/2 also significantly reduced protein levels of AMPKβ1 and γ1 subunits in the liver ([Figure 7D](#F7){ref-type="fig"}). To avoid these confounding decreases in endogenous AMPKβ1 and γ1 protein levels in hepatocytes of liver-specific AMPKα1/2 KO mice, we used AAV expression vectors under a liver-specific TBG promoter to re-express 1.5-fold exogenous FLAG-tagged AMPKβ1, γ1 plus comparable amounts of either FLAG-tagged AMPKα1 or α2 proteins at their corresponding endogenous protein levels in the liver of adult HFD-fed mice with liver-specific AMPKα1/2 KO ([Figure 7L](#F7){ref-type="fig"}). After metformin treatment for 3 weeks, we conducted a pyruvate challenge experiment and found that mice with a loss of either liver AMPKα1 or α2 had higher blood glucose levels than floxed AMPKα1/2 control mice ([Figure 7M](#F7){ref-type="fig"}); however, the loss of liver AMPKα1 had significantly increased liver glucose production, suggesting that AMPKα1 is the principal AMPK catalytic subunit for metformin suppression of liver glucose production.

DISCUSSION {#S11}
==========

The maximum daily dose of metformin for the treatment of patients with T2D is around 36 mg/kg body weight ([@R17]), and metformin concentrations found in the portal vein following a therapeutic dose are around 40--80 μM ([@R49]). However, high metformin doses (150--500 mg/kg/day) and concentrations (\~5 mM) are widely used in animals or cultured cells, including some of our own studies ([@R12]; [@R19]). Such high doses (concentrations) of metformin could generate erroneous results for the interrogation of metformin's mechanisms responsible for the improvement of hyperglycemia and insulin sensitivity in patients with T2D and obesity. Human subjects or animal models with insulin resistance have mitochondrial dysfunction ([@R23]; [@R51]), leading to reductions of nutrients utilization and the intracellular accumulation of lipids and the development of insulin resistance ([@R40]). If metformin functions by inhibiting mitochondrial complex 1 activity, this should further aggravate lipid accumulation and insulin resistance, contrary to the widespread clinical observations during metformin therapy in T2D. We found that HFD-fed mice treated with a clinically relevant dose (50 mg/kg/day) of metformin had significantly higher mitochondrial complex 1 activity and mitochondrial density in the liver of HFD-fed mice and pharmacological concentration (75 μM) of metformin significantly increased the activity of the mitochondrial respiratory chain, cellular ATP levels, and mitochondrial membrane potential and density. These results are consistent with clinical observations during metformin therapy that a clinically relevant dose and pharmacological concentrations of metformin augment mitochondrial respiratory chain activity ([@R26]; [@R47]).

Furthermore, we found that there are elevated protein levels of Opa1, impaired AMPK activity, and decreased phosphorylation of Mff in the liver of obese mice. These data suggest that the reduction of mitochondrial density and function in the liver of obese mice may be due to compromised mitochondrial fission that results in an abnormal mitochondrial life cycle. Metformin treatment decreased long-form Opa1 and increased phosphorylation of Mff and recruitment of Drp1 to Mff. Thus, metformin can restore the mitochondrial life cycle by promoting mitochondrial fission, which is significant. Because fission is associated with mitochondrial respiration ([@R5]; [@R22]; [@R44]) and inhibition of fission by knocking out Drp1 impairs liver function ([@R52]), metformin-stimulated fission will increase nutrient oxidation in mitochondria. The continual cycle of fusion and fission is important for mitochondrial quality control, and metformin-stimulated fission will maintain a healthy mitochondrial population by eliminating compromised mitochondria by mitophagy as well ([@R31]).

It has been proposed that liver AMPK is not required for metformin suppression of liver glucose production and improvement of hyperglycemia; however, in that study, control mice and liver-specific AMPKα1/2 KO mice were fed on a regular diet and were administered a single metformin dose ([@R12]; [@R34]). In those mice, blood glucose levels were affected only at an extremely high metformin dose (300 mg/kg) ([@R12]). One caveat to metformin administration is that the improvement in glycemic control is observable in diabetic patients after long-term metformin administration rather than after a single metformin administration. We found treatment with 50 mg/kg/day of metformin significantly improved blood glucose levels in HFD-fed mice, and this metformin dose is close to the metformin dose used to treat patients with T2D ([@R17]). We further tested the importance of AMPK in metformin action by knocking out AMPK α1/2 subunits in the liver of mice fed an HFD. We demonstrate that HFD-fed mice with embryonic liver-specific AMPKα1/2 subunit KO had significantly higher fasting blood glucose levels and produced more glucose than floxed AMPKα1/2 mice after long-term metformin treatment. These data clearly demonstrate that the AMPK is required for metformin's suppression of liver glucose production and improvement of hyperglycemia in HFD-fed mice.

Metformin treatment can improve hepatic metabolism through activation of AMPK ([@R54]), and mice with mutations of AMPK-targeted phosphorylation sites in acetyl-CoA carboxylase 1 and 2 exhibited insulin resistance ([@R13]). We observed insulin resistance in HFD-fed mice with congenital liver-specific AMPKα1/2 KO, and metformin failed to stimulate mitochondrial fission and respiration in hepatocyte with the loss of AMPK α1/2, suggesting that metformin-augmented mitochondrial respiration and density is AMPK dependent. Collectively, activation of AMPK by metformin will lead to the suppression rate-limiting enzyme gene expression in the gluconeogenic pathway and fatty acid synthesis, along with an increase in fatty acid oxidation through alleviated mitochondrial activity ([@R13]; [@R19]; [@R54]), resulting in an improvement of insulin sensitivity.

In addition to its antidiabetic effects, metformin has received great attention because many studies have shown a reduction in cancer incidence in patients with diabetes mellitus treated with metformin ([@R11]; [@R25]; [@R30]). Inhibition of mitochondrial complex 1 activity has been proposed to be the mechanism of metformin's anti-tumor effects ([@R29]; [@R39]). However, in *in vitro* experiments, metformin's anti-tumor effects are observable only when supra-pharmacological metformin concentrations are used ([@R29]). The IC~50~ for the purified mitochondrial complex 1 was found to be around 19--66 mM ([@R2]; [@R9]). It remains unknown how the required high metformin concentrations for inhibition of complex 1 activity can accumulate in mitochondria because there is no metformin transporter in the inner mitochondrial membrane that has been discovered yet. Even if such a high concentration of metformin can be reached in the mitochondria, this would collapse the mitochondrial membrane potential because metformin is positively charged in cells. Because treatment with a supra-pharmacological metformin concentration (1,000 μM) significantly reduced mitochondrial respiration, we determined the mitochondrial metformin concentrations in hepatocytes treated with 1,000 μM of metformin and found that the metformin concentration in mitochondria is around 64.5 μM, two orders of magnitude below the IC~50~ (19--66 μM) for mitochondrial complex 1's activity. Furthermore, we found that supra-pharmacological metformin concentrations (500 and 1,000 μM) suppressed mitochondrial respiration without a reduction in the mitochondrial membrane potential; our results indicate that direct inhibition of mitochondrial complex activity is unlikely to be the mechanism for suppression of mitochondrial respiration by supra-pharmacological metformin concentrations. As the powerhouses of the cell, mitochondria generate ATP from ADP; if ADP is not available, mitochondrial respiration comes to a halt and the mitochondrial membrane potential cannot be utilized to make ATP. This is the case when supra-pharmacological metformin concentrations were used, as cellular ADP was drastically reduced; the addition of exogenous ADP restored mitochondrial respiration suppressed by supra-pharmacological metformin concentrations. Our data suggest that supra-pharmacological metformin concentrations reduce mitochondrial respiration through decreasing adenine nucleotide levels. Interestingly, supra-pharmacological concentrations of metformin (\~200 mM) could not inhibit complex 1's activity in the absence of nucleotides ([@R2]), suggesting supra-pharmacological concentrations of metformin may interfere with the binding of nucleotides to the mitochondrial complex. Even though our results showed that treatment with supra-pharmacological metformin concentrations alters the expression of genes related to the metabolism of adenine nucleotides, the detailed mechanism still remains to be elucidated.

STAR★METHODS {#S12}
============

LEAD CONTACT AND MATERIALS AVAILIBILITY {#S13}
---------------------------------------

Requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ling He (<heling@jhmi.edu>). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S14}
--------------------------------------

All animal protocols were approved by the Institutional Animal Care and Use Committee of the Johns Hopkins University. To test metformin dosage's effects on metabolic parameters, Male C57BL/6J mice at age of 6 weeks were fed an HFD for 4 weeks, then treated with different dose of metformin for 16 weeks through drinking water. Homozygous AMPKα1 mice, homozygous AMPKα2 mice, and albumin promoter-Cre transgenic mice (Alb-Cre^Tg/O^) were purchased from the Jackson Laboratory. We bred homozygous AMPKα1/2 mice with Alb-Cre^Tg/O^, and generated the congenital liver-specific AMPKα1/2 knockout mice. Mice weight gain and water consumption were measured every 7 days, and metformin concentrations in drinking water were adjusted accordingly. AAV8-TBG-Empty vector (E.V.), and AAV8-TBG-Cre (1×10^11^ GC/mouse) were injected into mice through the jugular vein. In an experiment to determine the relative importance of AMPKα1 and α2 in metformin's effect on suppression of liver glucose production, mice were injected with AAV8-TBG-E.V. or AAV8-TBG-Cre (1.5×10^11^ GC/mouse), AAV8-TBG-FLAG-tagged AMPKβ1 (2×10^12^ GC/mouse), AAV8-TBG-FLAG-tagged AMPKγ1 (2×10^12^ GC/mouse), and either AAV8-TBG-FLAG-tagged AMPKα1 (2×10^12^ GC/mouse) or AAV8-TBG-FLAG-tagged AMPKα2 (3×10^12^ GC/mouse) through the jugular vein. The same amounts of AAV (7.15 × 10^12^ GC/mouse) were employed in each mouse. A pyruvate tolerance test was conducted after 16 h of fast (2 g/kg). An insulin tolerance test was conducted after 6 h of fast (0.5\~0.8 unit/kg). A glucose tolerance test was conducted after 6 h of fast (2 g/kg) ([@R18]). Floxed DRP1 mice and liver-specific DRP1 knockout mice were generated as reported previously ([@R52]).

### Cell Culture {#S15}

Cell culture were conducted using primary hepatocytes or cryopreserved Hepa1--6 cells (ATCC). Please refer to individual sections below and Figure Legends for the specific stimulation condition used for each assay. Cells were incubated in standard conditions: 37° C with 5% CO~2~.

METHOD DETAILS {#S16}
--------------

### Measurement of Metabolic Hormones, and Mitochondrial Complex 1 Activity {#S17}

Serum metabolic hormones were determined using a mouse endocrine panel kit (Millipore) ([@R19]). For measurement of mitochondrial complex 1 enzymatic activity, the Mitochondria Isolation Kit for Tissue (with Dounce Homogenizer) (ab110169, abcam) was used to isolate mitochondria from frozen liver tissues following the manufacturer's guidance, and then, mitochondrial complex 1 enzymatic activity was measured by using the Complex I Enzyme Activity Microplate Assay Kit (ab109721, abcam).

### Determination of Metformin Concentrations in Cellular Compartments {#S18}

Hepa1--6 cells were seeded in a 150 cm^2^ flask (approximately 1.5 × 10^7^cells/ flask) overnight; medium was changed and supplemented with 2 μM ^14^C-metformin (Cat\#101970, VWR) plus 73 or 998 μM unlabeled metformin for 22 h. Cells were washed with fresh medium, harvested by scraper, and cells were collected by centrifugation (1000 g, 5 min); cell pellets were then washed with PBS twice. A mitochondria isolation kit (ab110171, abcam) was used to prepare the large organelles/debris, intact mitochondria, and cytosolic fractions following the manufacturer's procedures. To measure the volume of the cell pellets, the cell pellets were dissolved into 60 μl of reagent A. The volume was remeasured, and the increase in volume was taken as the volume of cell pellets. After the preparation of large organelles/debris, mitochondria, and cytosolic fractions, the cellular pellets of either large organelles/debris or mitochondria were dissolved into 100 μl of cell lysis buffer. The volumes were remeasured, and the increases in volume were taken as the volumes of large organelles/debris or mitochondria. Then, these lysates were subjected to 3 freeze-thaw cycles (liquid nitrogen), and radioactivity was counted in 5 mL liquid scintillation fluid. The radioactivity of serially diluted ^14^C-metformin was measured to generate the standard curve. Based on the specific activity of ^14^C-metformin, metformin concentrations in each cellular compartments were calculated accordingly. Additionally, to validate this method, we treated Hepa1--6 cells with 1 mM of metformin (^14^C-metformin/unlabeled metformin at 1:250 or 1:500 ratio) for 22 h, and then, cellular fractions were prepared. We found similar concentrations of metformin in each fraction in Hepa1--6 cells treated with these two ^14^C-metformin/unlabeled metformin ratios.

### Glucose Production Assay and Measurement of Mitochondrial Membrane Potential and Cellular Adenine Nucleotide Levels {#S19}

Mouse primary hepatocytes were cultured in William's medium E supplemented with ITS (BD Biosciences) and dexamethasone. After 16 h of planting, cells were washed with PBS twice, and the medium was changed to FBS-free DMEM. After 3 h of serum starvation, cells were washed twice with PBS, and the 1 mL glucose production medium (20 mM lactate, 2 mM lactate, pH7.4) was supplemented with vehicle or 10 nM glucagon. After 3 h incubation, both the medium and cells were collected. The medium was used to determine glucose concentrations with EnzyChrom Glucose Assay Kit ([@R4]). For the measurement of mitochondrial membrane potential, primary hepatocytes were stained with TMRE by using Mitochondrial Membrane Potential Assay Kit (ab113852). The intensity of TMRE fluorescence was determined by microplate spectrophotometry and confocal fluorescent microscopy (one z stack was acquired). Cellular ATP, ADP, and AMP levels were determined using methods as we reported previously ([@R3])

### Determination of Mitochondrial Respiratory Chain Activity in Primary Hepatocytes and *In Vitro* Assays {#S20}

Primary hepatocytes were seeded in an XF 96 well plate coated with 0.01% collagen type 1.36 h after seeding, cells were washed with PBS twice, and glucose production medium was added with different concentrations of metformin for 6 h. Mitochondrial respiratory chain activity was determined by using Seahorse XF96 Extracellular Flux Analyzers in Seahorse assay medium (0.55 mg/ml pyruvate in base medium, pH7.4). After determination of basal oxygen consumption rates, cells were sequentially treated with oligomycin A (1 μM), FCCP(1 μM), and rotenone (1 μM) along with antimycin A(1 μM). Viable cell numbers were counted and used to normalize the oxygen consumption rate.

Different metformin concentrations were used to determine the effects of metformin on mitochondrial activity of complex I (ab109903, abcam), complex II+III (ab109905, abcam), complex IV (ab109906, abcam), and complex V (ab109907, abcam) in *in vitro* assays following the manufacturer's procedures.

### Microarray Analysis {#S21}

6-week-old male floxed homozygous AMPKα1/2 mice were fed an HFD for 4 weeks. AAV8-TBG-E.V. and AAV8-TBG-Cre were injected via the jugular vein, and mice were treated with metformin (50 mg/kg/day) for 3 weeks. Liver samples were collected after a 16 h fast. Microarray analysis was conducted in the Johns Hopkins Deep Sequencing & Microarray Core Facility.

### Oil Red O Staining {#S22}

Oil Red O (Sigma O0625) was used to stain lipid droplets in primary hepatocytes. Primary hepatocytes were fixed with 4% paraformaldehyde for 30 min, then incubated in 60% isopropanol for 5 min at room temperature, followed by staining with 0.35% Oil red O solution in 60% isopropanol for 15 min and hematoxylin solution (Vector laboratories, H3502) for 1min.

### Confocal Microscopy Analysis {#S23}

Primary hepatocytes were cultured in glucose production medium (20 mM lactate and 2 mM pyruvate) with or without 75 uM metformin for 6 h, and then, 50 nM MitoTracker™ Red FM (M22425, Thermo Fisher Scientific) was added for 30 min, followed by addition of Hoechst33342 (2 ug/ml, 10 min) (H3570, Thermo Fisher Scientific). Fluorescent images were acquired via a Zeiss confocal microscope (Zeiss Confocal LSM 880). The excitation wavelengths of MitoTracker™ Red CMR and Hoechst33342 are at 561 nm and 405 nm, respectively. 12 z stacks were acquired, and then merged by Zeiss Zen software.

### Quantification of Mitochondrial DNA Copy Number {#S24}

DNeasy Blood & Tissue Kit (69504, QIAGEN) was used to extract genomic DNA from liver tissues. A mitochondrial DNA isolation kit (ab65321, abcam) was employed to prepare the mitochondrial DNA from liver tissues. The following primer sequences were used to amplify nuclear and mitochondrial DNA sequences: PKLR 5′-CCAGCAGCATCAGTCGTATATC, PKLR 3′-ACCCAGGAGGAATC GAATTAAC; ND6 5′-GTTTGGGAGATTGGTTGATGTATG, ND6 3′-CACCCAGCTACTACCATCATTC.

### Indirect Calorimetry {#S25}

Mice were allowed to acclimate to respiratory chambers for 24 h. Oxygen consumption, carbon dioxide production, heat production, and food consumption were measured for 48 h during 12-h light/12-dark cycles using the Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus Instruments, Columbus, OH).

### Transmission Electron Microscopy (TEM) {#S26}

Liver tissue was cut at 10 μm and sections were fixed in ice cold 0.1 M Sorenson's phosphate buffer (pH 7.2) (2.5% glutaraldehyde, 3mM MgCl~2~) for 15 minutes. After rinse with buffer, tissue sections were post-fixed in 0.8% potassium ferrocyanide for 30 minutes on ice in the dark, followed by 0.1 M maleate buffer rinse. Then, tissue sections were stained with 2% uranyl acetate (0.22 μm filtered, 15 minutes, dark) in 0.1 M maleate, dehydrated in a graded series of ethanol, and embedded in Eponate 12 (Ted Pella). Tissue sections were polymerized overnight in inverted BEEM capsules and immersed in liquid nitrogen. Thin sections, 60 to 90 nm, were cut with a diamond knife on a Leica UCT7 ultramicrotome and picked up with Formvar coated copper slot grids. Grids were stained with 2% uranyl acetate in 50% methanol and observed with a Philips CM120 at 80 kV. Images were captured with an AMT XR80 high-resolution (16-bit) 8 M pixel camera. 13--18 fields were randomly chosen from each liver section and were used to count mitochondria number.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S27}
---------------------------------------

Statistical significance was calculated with a Student's t test. Significance was accepted at the level of p \< 0.05. At least 3 samples per group were chosen for statistically meaningful interpretation of results and differences in the studies using the two-tailored Student's t test and analysis of variation. Multiple-way comparisons were performed using ANOVA. Statistical analyses were performed using GraphPad Prism.

DATA AND CODE AVAILABILITY {#S28}
--------------------------

The Data for this study have been deposited in GEO with accession codee: GSE 114234
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![Supra-pharmacological Metformin Concentrations Reduce Adenine Nucleotides and Mitochondrial Respiration\
(A and B) After24 h of planting, primary hepatocytes were treated with different concentrations of metformin for16h in DMEM, and then medium was changed to glucose production medium supplemented with metformin for 6 h (A). After determination of basal oxygen consumption rate (OCR), cells were sequentially treated with oligomycin A (1 μM), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 1 μM), and rotenone (1 μM) plus antimycin A(1 μM) (B) (n = 8--10).\
(C--E) Primary hepatocytes were treated with 500 and 1,000 μM of metformin as in (A), adenine nucleotides were measured (C), total adenine nucleotides (D), and AMP/ATP ratio (E) (n = 4).\
(F) The mRNA levels of genes related to the metabolism of adenine nucleotides in primary hepatocytes treated with 1,000 μM metformin for 22 h (n = 5--6).\
(G) Primary hepatocytes were treated with different concentrations of metformin for 22 h (n = 8).\
(H) Hepa1--6 cells, C2C12 cells, and Hek293 cells were treated with 75 and 1,000 μM of metformin for 22 h and then stained with tetramethylrhodamine, ethyl ester (TMRE) (n = 6--8).\
(I and J) Primary hepatocytes were treated with vehicle (I) or 1,000 μM of metformin (J) as in (A); 0.5 and 2.5 mM of ADP were added in the assay buffer during the measurement of OCR (n = 6--8).\
Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0002){#F1}

![Determination of Metformin Concentrations in Cellular Compartments of Hepatocytes\
(A and B) Hepa1--6 cells were treated with different concentrations of metformin as In [Figure 1A](#F1){ref-type="fig"}, and OCR was determined (n = 6--8).\
(C and D) Metformin concentrations in the large organelles/debris (LO/Deb), mitochondria (Mito), and cytosolic (Cyto) fractions prepared from Hepa1--6 cells treated with 75 μM (C) (n = 4) or 1,000 μM (D) (n = 5) of metformin for 22 h.\
(E) Indicated concentrations of metformin were used to test metformin's effect on mitochondrial activity of complex I, complex II+III, complex IV, and complex V (purchased from the *abcam)* in *in vitro* assays (n = 6--8).\
Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0003){#F2}

![Pharmacological Metformin Concentration Augments Mitochondrial Respiration\
(A--C) Primary hepatocytes were treated with 75 μM metformin for 16 h and then treated with metformin for 3 h during serum starvation, followed by incubation in glucose production medium supplemented with metformin and/or 10 nM glucagon for another 3 h. Glucose concentrations were measured in the medium (A) (n = 3), cellular ATP levels (B) (n = 4), and mitochondrial membrane potential (C) (n = 8).\
(D and E) Primary hepatocytes were treated with metformin as in [Figure 1A](#F1){ref-type="fig"} (D), and OCR was determined (E) (n = 10).\
(F and G) After 24 h of plating, primary hepatocytes were treated with 75 μM metformin for 16 h in substrate-limited medium, and then medium was replaced by fatty acid oxidation assay buffer (palmitate plus BSA) (F), and OCR was determined as above (G) (n = 6--7).\
Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0004){#F3}

![Metformin Improves Metabolic Parameters in HFD-Fed Mice\
HFD-fed C57BL/6 mice were divided into 5 groups and treated with indicated amounts of metformin by drinking water for 16 weeks (n = 5--8).\
(A) Body weight gain of mice during 16 weeks of metformin treatment.\
(B) Food consumption was measured during Comprehensive Lab Animal Monitoring System (CLAMS) (n = 4).\
(C) After 9 weeks of metformin treatment, a pyruvate tolerance test was conducted (16 h fast) (n = 5--8).\
(D) Fasting blood glucose (16 h fast) in mice after 12 weeks of metformin treatment.\
(E--I) Serum levels of insulin (E), leptin (F), GIP (G), ghrelin (H), and glucagon (I) in mice treated with metformin for 16 weeks (n = 5--8).\
(J--L) Mitochondrial complex 1 activity (J) (n = 5--8), mitochondrial numbers in the liver (K) (Scale bar, 500 nm), and relative mitochondrial density (L) in HFD-fed mice treated with metformin (50 mg/kg/day) for 16 weeks (n = 4).\
Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0005){#F4}

![Metformin Promotes Mitochondrial Fission\
(A and B)The protein and phosphorylation levels of genes related to mitochondrial biogenesis, fusion, and fission (A) (n = 5), and densitometric analysis of pAMPK (T172), pMff (S155/172), and Opa1 (B).\
(C) Liver lysates from HFD-fed mice treated with vehicle and 50 mg/kg/day of metformin were incubated with antibody against Mff (16 h, 4°C) (n = 3).\
(A and C) Each lane represents an individual mouse sample.\
(D--F) After 24 h of plating, primary hepatocytes prepared from floxed AMPK α1/2 mice were treated with or without 75 uM of metformin for 16 h, medium was changed to glucose production medium supplemented with metformin for 6 h, and then mitochondria were stained with MitoTracker Red (D); relative numbers of cells with indicated mitochondrial morphology (long or short) (E) (n = 119--127); and fluorescence intensity (mitochondrial mass) from 35 cells were measured from each group (F).\
(G and H) After 24 h of plating, primary hepatocytes prepared from floxed and liver-specific AMPK α1/2 knockout (L- α1/2 KO) mice were incubated with DMEM for 16 h, medium was changed to glucose production medium for 6 h, and then cells were stained with MitoTracker Red (G); fluorescence intensity (mitochondrial mass) was determined (H) (n = 37).\
(I and J) Primary hepatocytes prepared from floxed and L-α1/2 KO mice were stained with TMRE (I) to determine mitochondrial membrane potential (J) (n = 20\~26).\
(K and L) After 36 h of plating, cellular respiration (K), basal OCR, ATP-linked respiration, maximal respiration, and non-mitochondrial respiration (L) were determined in primary hepatocytes prepared from floxed and L- α1/2 KO mice (n = 5--6).\
Scale bar, 10 μm. Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0006){#F5}

![Metformin Stimulation of Mitochondrial Respiration Is AMPK Dependent\
(A--C) Primary hepatocytes prepared from L- α1/2 KO mice were treated with metformin as in [Figure 5D](#F5){ref-type="fig"} (A), fluorescence intensity of 40 cells were measured (B), and mitochondrial membrane potential was determined (C) (n = 6). Scale bar, 10 μm.\
(D and E) Primary hepatocytes prepared from liver-specific AMPK α1/2 KO mice were treated with vehicle and 75 μM metformin as in [Figure 3D](#F3){ref-type="fig"} (D); OCR was determined (E) (n = 8--10).\
(F) OCRs were determined in primary hepatocytes prepared from floxed or liver-specific Drp1 KO mice as above (n = 6).\
(G) After 48 h of the planting, primary hepatocytes were stained with Oil Red O, and lipid droplets were measured (n = 91). Scale bar, 50 μM.\
(H and I) For measurement of ATP (H) (n = 4) and membrane potential (I) (n = 8), primary hepatocytes were treated as in [Figures 3B](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}.\
NS, not significant. Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0007){#F6}

![The Critical Role of AMPKα1/2 in Metformin's Control of Liver Glucose Metabolism\
(A) Male (n = 9--10) and female (n = 5) mice were fed an HFD for 4 weeks and then treated with metformin (50 mg/kg/day) for12 weeks; 12-h fasting blood glucose levels. The y axis has been broken and begins at 50 mg/dL.\
(B and C) HFD-fed male mice were treated with metformin (50 mg/kg/day) for7--9 weeks; pyruvate tolerance test (B) and insulin tolerance test (C) were conducted (n = 6--9).\
(D--H) Male floxed AMPKα1/2 mice were fed an HFD for4weeks, AAV-TBG vectors were injected, and then mice were treated with metformin (50 mg/kg/day) for 3 weeks (D).\
(E and F) Pyruvate tolerance test (E) and hepatic mRNA levels of *G6pc and Pck1* (F) (n = 5--6).\
(G and H) PCA (G) and Volcano plots (H) were used to depict differential expression of liver genes. Data shown are replicated from 2 independent experiments.\
(I--K) Primary hepatocytes were isolated from the liver of mice as in (D) and were treated with 10 nM glucagon (n = 3) (I).\
(J and K) The mRNA levels of *G6pc* (J) and *Pck1* (K) (n = 3).\
(L and M) Male homozygous floxed AMPKα1/2 mice were fed an HFD for 4 weeks, and mice were injected with AAV vectors as described in the STAR Methods. Mice were reated with metformin (50 mg/kg/day) for 3 weeks. Immunoblots of AMPK subunits (L), and a pyruvate tolerance test was conducted (M) (n = 4--5).\
(D and L) Each lane represents an individual mouse liver sample.\
Each bar represents the mean ± SEM. \*p \< 0.05.](nihms-1542671-f0008){#F7}
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  Phenylmethanesulfonyl fluoride                                                       Sigma Aldrich                    Cat\# P7626; CAS Number 329--98--6
  D-(+)-Glucose                                                                        Sigma Aldrich                    Cat\# G8270; CAS Number 50--99--7
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###### Highlights

-   Clinically relevant metformin dose improves liver mitochondrial respiration in obesity

-   Pharmacological metformin increases mitochondrial respiration and fission

-   Supra-pharmacological metformin inhibits mitochondrial activity by ADP reduction

-   AMPK is required for metformin suppression of liver glucose production
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